Labellum micromorphology was imaged via scanning electron and light microscopy in 32 microspecies and one artificial hybrid of the European terrestrial orchid genus Ophrys, together representing all ten macrospecies circumscribed in the genus via molecular phylogenetics. Imaging of homologous regions of the adaxial surface, paying particular attention to the diagnostic feature of the comparatively reflective speculum, revealed the presence of between three and seven epidermal cell types on each labellum, the less complex labella being plesiomorphic. Epidermal protuberances range from short, domed papillae to long, twisted unicellular filaments. Multiple origins are inferred for pale labellar margins, large yellow appendices (both putative osmophores exuding pseudopheromones), broad flat labella and long lateral horns. Homoplasy in the speculum is manifested in unusually complex or simple outlines and the presence or absence of a pale margin or iridescence. The reflectivity of the speculum is caused by a combination of chemical and physical colour, whereas iridescence can be caused only by physical properties. The specula of most microspecies studied bear striated trichomes, albeit maturing comparatively late in ontogeny and being sufficiently narrow to allow light to reach the flat polygonal trichome bases. Reflectivity appears to be negatively correlated with the convexity and degree of cuticular corrugation shown by these epidermal cells. Two clades (the Speculum + Tenthredinifera + Bombyliflora group and Bertolonii subgroup of the Sphegodes group) have lost specular trichomes and include the most iridescent species; their flat, polygonal, nonstriated cells resemble those observed on the paired pseudoeyes that bracket the stigmas of all Ophrys except the Fusca group. The smooth thick-layered cuticle and dense layers of organelles and starch bodies revealed by preliminary transmission electron microscopy study provide alternative candidates for the primary reflective surface of the speculum; in contrast, the trichomes and conical cells that dominate Ophrys labella, and occur on the specula of all but the most reflective species, absorb and/or diffuse light. Multiple MYB family genes are hypothesized to control epidermal micromorphology. The relative contributions of olfactory, visual and tactile cues to the sophisticated pseudocopulatory pollination mechanism that characterizes Ophrys remain unclear, but the degree of reproductive isolation achieved, and thus the speciation rate, have certainly been greatly exaggerated by most observers.
INTRODUCTION CHARACTERISTIC MORPHOLOGY OF THE ORCHID FLOWER
Darwin's (1862) seminal work on orchid pollination placed this species-rich family at the centre of debates concerning the evolutionary role of pollination biology in general and plant-pollinator co-evolution in particular (Micheneau, Johnson & Fay, 2009) . Although orchids encompass much morphological diversity, they are readily identified by a combination of floral synapomorphies. These can most readily be summarized as the consequence of hyper-epigyny, extreme monosymmetry and axial compression, together manifested as several pronounced characters (reviewed by Rudall & Bateman, 2002; Bateman & Rudall, 2006; Mondragón-Palomino & Theissen, 2008 ). Most diagnostically, androecium and gynoecium are fused together to form a hermaphrodite compound gynostemium bearing a small number of club-shaped pollen masses termed pollinia. Four or, more often, five of the six ancestral stamens are suppressed, including all three adaxial stamens. The alternating whorls of three petals and three sepals are closely juxtaposed on the fertile axis. More diagnostically, the petals are differentiated into two lateral petals and a median petal, termed the labellum.
In most orchid species, the labellum diverges considerably in size, shape, colour, texture and/or odour from the remaining petals and, in many species, it is elongated abaxially to generate a conical or cylindrical spur that produces (or, in a significant minority of species, purports to generate) nectar (Box et al., 2008; Bell et al., 2009) . In most species, the labellum is presented lowermost, commonly as a result of 180°t orsion of the pedicel and/or ovary (termed resupination). It is generally considered to be the most critical floral organ for attracting pollinators (most commonly insects that alight on the labellum) to most orchid flowers, and has thus become the focus of various co-evolutionary hypotheses.
CO-EVOLUTIONARY FEATURES OF THE OPHRYS FLOWER
Arguably the most thoroughly researched of all orchid-pollinator co-evolutionary model systems is that presented by the charismatic European genus Ophrys L. (Orchidoideae: Orchidinae), which has played a crucial role in developing our understanding of pollinator deception (Schiestl et al., 1999; Cozzolino & Widmer, 2005a, b; Jersáková, Johnson & Kindlmann, 2006; Schiestl & Cozzolino, 2008; Schlüter & Schiestl, 2008; contra Darwin, 1862) . Ophrys plants are characteristic of subtribe Orchidinae in their globose tubers, basally concentrated leaves and racemose inflorescence, but the small number of striking and generally showy flowers possess unique adaptations for pollination via pseudocopulation. Naïve males of the relevant species (most commonly various species of solitary bee) are first attracted to the inflorescences by a complex cocktail of pheromones. They then use visual cues, specifically the typically highly coloured flowers with complex labellar markings ( Fig. 1) , which have as their focal point a discrete reflective region, termed the speculum (the speculum of Ophrys is arguably unique, although a crude reflective labellar surface has also been reported from two species of the tropical Asiatic epidendroid orchid Cymbidium Swartz by Davies, Stpiczynska & Turner, 2006) . Once the putative pollinator has alighted on the spurless labellum, the visual and olfactory cues are supplemented with tactile cues; specifically, by the often complex (and convex) three-dimensional topology of the Ophrys labellum, and by a wide range of different epidermal cell types that reputedly mimic the feel of the females of the pollinating insects. The epidermal cells are typically arranged as several distinct, broadly concentric zones that surround the speculum and are differentially emphasized in different species. Together, these three categories of cue (smell, sight, touch) are sufficient to drive naïve males into a sexually heightened state. During the ensuing sexual frenzy, pollen masses become attached to the insect and, if eventually transferred to a stigmatic surface (preferably in another flower and, ideally, in another inflorescence), they can effect pollination. Much of the research on the genus has been conducted on pollinator behaviour (e.g. Darwin, 1862; Kullenberg, 1961; Paulus & Gack, 1990; Paulus, 2006) and the remarkable pheromonal cues (Borg-Karlson, 1990; Ayasse et al., 2000 Ayasse et al., , 2003 Schiestl et al., 2000; Schiestl & Ayasse, 2002; Mant, Peakall & Schiestl, 2005; Véla et al., 2007; Schiestl & Cozzolino, 2008; Schlüter & Schiestl, 2008; Stökl et al., 2009) , which have proved to be more complex and precise mimics of insect pheromones than those documented for other pseudocopulatory orchid genera found in Mediterranean-climate biomes outside Europe (e.g. Johnson & Nilsson, 1999; Schiestl et al., 2003; Jersák-ová et al., 2006) . Less attention has been paid to the precise location(s) of the osmophores that are assumed to generate the pseudopheromones, or to the visual and tactile cues that are physically manifested by the flower in general and the labellum in particular. Where these features have been studied, this has usually been performed on only a small proportion of the species present in the genus. Some studies have been confined to a narrow taxonomic range, notably Servettaz, Maleci & Grünanger (1994) on the Sphegodes group (particularly the Bertolonii subgroup) and Ascensão et al. (2005) Collectively, these studies served to illustrate the complex labellar micromorphology exhibited by selected groups within Ophrys, but they did not pursue the genus-wide comparison necessary to code characters for comprehensive phylogenetic mapping.
THE SPECULUM AS A MODEL SYSTEM FOR STUDYING STRUCTURAL COLOUR
Colour in nature is most commonly produced by pigments such as anthocyanins (permitting selective absorption), but it can also be generated physically, rather than chemically, by fluorescence (permitting selective emission) or structural colour (permitting selective reflection). In the buttercup and its relatives (Ranunculus L. subgenus Ranunculus), which has become the archetypal reflective flower, the structural basis for the strong glossy reflectivity (defined as a large surplus of reflected light versus absorbed and refracted light) reputedly relates to both the finely ridged cuticle that encloses the epidermis and the refractive intracellular oil that occurs within the epidermal cells (a subepidermal layer of starch is now considered to be a less likely cause: cf. Parkin, 1928 Parkin, , 1935 Brett & Sommerard, 1986; Galsterer et al., 1999) . The specula of all Ophrys spp. are substantially more reflective than the surrounding labellar epidermal tissues (Fig. 2) , but, in some taxa, most notably the Speculum group (Fig. 7) and the Bertolonii subgroup of the Sphegodes group (Fig. 14) , the speculum is not only highly reflective but also iridescent. The colour appears to change depending on the angle at which the reflective surface is viewed, a phenomenon that can only be generated by structural rather than chemical colour. The phylogenetic distribution and underlying cause of iridescence have been studied in detail in insects such as beetles (e.g. Neville & Caveney, 1969; Parker, 1998; Parker, McKenzie & Large, 1998; Kurachi, Takaku, Komiya & Hariyama, 2001; Sharma et al., 2009) and butterflies (e.g. Vukusic et al., 2001; Kinoshita, Yoshioka & Kawagoe, 2002) , but the phenomenon is only now being explored in flowers (Kay, Daoud & Stirton, 1981; Whitney et al., 2009; B.J. Glover et al., unpubl. data) . Our detailed micromorphological investigation of the Ophrys speculum therefore represents a pioneering exploration of structural colour in flowers.
MOLECULAR PHYLOGENETIC CONTEXT
Our selection of study species was guided strongly by the detailed molecular phylogenetic work of Devey et al. (2008 Devey et al. ( , 2009 , which employed three distinct analytical methods on many accessions representing the full taxonomic and geographical range of the genus. Earlier work that spanned subtribe Orchidinae demonstrated that Ophrys was a monophyletic group subtended by a long molecular branch Pridgeon et al., 1997; Aceto et al., 1999; Soliva, Kocyan & Widmer, 2001; Bateman et al., 2003) . The Ophrys-focused phylogenetic tree generated by Devey et al. (2008) from nuclear ribosomal DNA internal transcribed spacer (ITS) sequences identified ten species groups epitomized by particular species -Insectifera, Fusca, Tenthredinifera, Bombyliflora, Speculum, Apifera, Umbilicata, Scolopax, Fuciflora and Sphegodesalthough the last four groups were questionably distinct from each other (Fig. 2, left) . Nine of these ten groups were also evident in the plastid phylogenetic trees of Devey et al. (2008) , which combined sequence data for the trnD-trnT and trnH-psbA regions; only the Scolopax and Fuciflora groups could not be distinguished, whereas the Umbilicata group appeared to be more distinct and the Apifera group less distinct (Fig. 2, right) . Six of these groups also appeared to be distinct when amplified fragment length polymorphism (AFLP) analysis was used by Devey et al. to more broadly characterize nuclear genomes: this technique failed to distinguish among the Scolopax, Fuciflora and Sphegodes groups, but, more surprisingly, also failed to separate the morphologically distinct Tenthredinifera, Bombyliflora and Speculum groups, and suggested that the Apifera group is similar to an otherwise relatively distinct Umbilicata group (a clade first recognized by Devey et al., primarily on molecular evidence). All three techniques were consistent with the recognition of three major clades within Ophrys, the Insectifera group apparently being sister to Fusca + Tenthredinifera + Bombyliflora + Speculum plus Apifera + Umbilicata + Scolopax + Fuciflora + Sphegodes (Fig. 2) . Simplified evolutionary trees of major groups of Ophrys based on nuclear ribosomal (nrITS; left) and plastid (trnD-trnT + trnH-psbA; right) DNA, bracketed by pictorial representatives of the ten major groups thus circumscribed. Numbers below the branches are the bootstrap values based on 1000 replicates; numbers in parentheses are the numbers of microspecies recognized in each group by Delforge (2006) . The plastid tree is unable to distinguish between the Fuciflora and Scolopax groups.
TAXONOMIC CONTEXT
Few genera have proved to be as taxonomically controversial in recent years as Ophrys. Recent morphological monographs addressing the genus have recognized from 251 species (Delforge, 2006) through 150 species (Devillers & Devillers-Terschuren, 1994) to 19 species (Pedersen & Faurholdt, 2007) or even 17 species (Sundermann, 1980) , whereas the only detailed genus-wide molecular survey could distinguish, at most, only ten molecularly cohesive monophyletic groups (Devey et al., 2008) . The consequences of such taxonomic disagreements for conservation measures are obvious; uncertainty leads to inaction, and where actions are taken they are often misconceived (e.g. Pillon & Chase, 2007; Devey et al., 2008) . Bateman et al. (2010) attributed this controversy primarily to the application of radically different (and often poorly expressed) species concepts (cf. Mayden, 1997) . In particular, direct (but highly geographically, temporally and/or numerically restricted) observations of pollination events as evidence of reproductive isolation encouraged the recognition of many 'microspecies' on the basis of assumptions of extreme pollinator specificity (e.g. Paulus & Gack, 1990; Paulus, 2006 ). In contrast, indirect estimation of historical gene flow via DNA sequencing, analysed in the context of monophyly, permits the recognition of far fewer 'macrospecies', but they are much less equivocal in nature, being separated by both molecular and morphological discontinuities (Bateman, 2001) . Moreover, Delforgean microspecies are not evenly distributed among the macrospecies; of the ten macrospecies delimited using ITS sequences, five contain between one and three (or, in the case of the Tenthredinifera group, eight) or fewer microspecies, whereas, by our calculations, the remaining five macrospecies each contain between 24 (Umbilicata group) and 91 (Sphegodes group) microspecies.
PRESENT STUDY
This article uses all ten macrospecies identified during the molecular phylogenetic study of Devey et al. (2008) as the basis for sampling 32 microspecies (sensu Delforge, 2006) for detailed micromorphological comparison using both scanning electron microscopy (SEM) and light microscopy (LM), building on an initial study by Bradshaw (2007) . We also present more limited SEM studies designed to reveal the inheritance patterns of epidermal features in artificial primary hybrids and to elucidate the ontogeny of the labellar epidermis from early bud to senescent flower, together with preliminary transmission electron microscopy (TEM) studies of epidermal ultrastructure designed to explore the underlying causes of: (1) high reflectivity and (2) iridescence in the speculum.
MATERIAL AND METHODS

TAXON SAMPLING
At least one microspecies sensu Delforge (2006) was sampled from within each of the ten ITS-based macrospecies delimited by Devey et al. (2008) , preferring microspecies that are geographically widespread and relatively taxonomically uncontroversial (Table 1) . Where a macrospecies contained many microspecies, suggesting the presence of a comparatively broad range of subtle morphological variation, sufficient microspecies were selected to characterize the full range of variation present in the macrospecies. Seven microspecies were examined from the especially variable and microspecies-rich Sphegodes group, and six from the Fusca group. We also ensured good representation of the Umbilicata group (four microspecies), because it is a novel eastern Mediterranean group only recently delimited by Devey et al. (2008) , and of the Speculum group (all three Delforgean microspecies were sampled), because it shows the strongest expression of iridescence (Fig. 7) . Anthocyanin-rich wild-type and anthocyanin-free hypochromic morphs from a single Sicilian population of O. incubacea Bianca ex Tod. (Mammosa subgroup of the Sphegodes group) were also examined to determine whether epidermal micromorphology influences background colour. In total, 32 Ophrys microspecies and one artificial hybrid were examined using LM and SEM. Details of the accessions studied (including taxonomic authorities) are given in Table 1 , which also compares formal taxonomies and authorities based on Delforge (2006) and Devey et al. (2008) .
The majority of the flowers were obtained in spring 2006 from seed-grown individuals maintained in the private collection of Barry Tattersall (Twickenham, UK). These initial collections were supplemented with material retrieved from the Kew spirit collection in summer 2007, and with flowers collected in southeast France (2007) , Sardinia (2008) and Sicily (2009). Fresh-collected floral organs were subjected to detailed colour coding using the Royal Horticultural Society colour chart (Anonymous, 1966) , and were then quantified as three Commission Internationale de l'Eclairage coordinates that include percentage reflectivity. Selected flowers were also scanned using an Ocean Optics Jaz portable spectrometer fitted with a fine-point probe (results will be published elsewhere). 508 E. BRADSHAW ET AL. For SEM examination, one half of each specimen was passed through an ethanol series up to 100% ethanol and critical point dried using a Tousimis Autosamdri 815B. Specimens were then mounted on aluminium stubs, coated in platinum using a sputter coater (Emitech K550) and examined under a Hitachi S-4700 scanning electron microscope at 2 kV. Speculum trichome lengths were estimated from multiple SEM images using the scale automatically drawn by the dedicated image software. Complexity was assessed by determining the number of distinct epidermal cell morphologies evident across the entire adaxial surface of the labellum, discounting intermediate cell shapes found along the borders between two distinct zones (most commonly along the speculum margin). Dissected buds and senescent flowers of selected microspecies were also compared, as were anthocyanin-rich and anthocyanin-free floral morphs of the same microspecies. Specimens for LM underwent nine rinses from 100% ethanol to 100% histoclear in a tissue processor, before being embedded in Paraplast at 62°C for 3 weeks. Transverse sections of each labellum were cut to 14 mm thickness in a rotary microtome, attached to glass slides using Haupt's adhesive, stained with safranin and alcian blue, and mounted under a coverslip in di-n-butyl pthalate in xylene (DPX). Slides were examined under a Leica DMLB light microscope and imaged using a Zeiss Axiocam camera.
To compare the ultrastructure of two specula that were blue and reflective, but exhibited contrasting epidermal micromorphologies, small regions from the striate trichome-rich speculum of O. atlantica Munby (Fusca group) and the flat-celled speculum of O. vernixia Brotero (Speculum group) were prepared for TEM examination. Pieces 2 mm square were dissected from the labellum using a mounted needle, fixed in 2.5% glutaraldehyde in phosphate buffer at pH 7.4, and stored in 70% ethanol until needed. They were stained in 2% osmium tetroxide solution and passed through an ethanol and resin series before being polymerized for 18 h under vacuum. Semi-thin sections (0.5-2 mm) and ultra-thin sections (14 nm) were cut using an ultramicrotome (Reichert-Jung Ultracut). The semi-thin sections were mounted on glass slides and stained with toluidine blue in phosphate buffer, before being examined under a light microscope. The ultra-thin sections were placed on Formvar-coated grids and stained automatically with uranyl acetate and lead citrate using an Ultrostainer (Leica EM Stain) before being examined by TEM.
RESULTS
OVERVIEW OF EPIDERMAL CELL TYPES OBSERVED IN
THE OPHRYS LABELLUM Distinct and putatively homologous regions of the Ophrys labellum, summarized in Figure 1 , include: (1) lateral lobes that, in some microspecies, form anteriorly projecting conical 'horns'; (2) a more or less pronounced appendix at the labellum apex in the more derived species (implicated as a major source of the insect-attracting pheromones that probably characterize all microspecies; Ayasse et al., 2003) ; (3) densely villose margins enclosing (4) a central speculum that varies in the complexity of shape and colour (the Speculum group of mirror-orchids is especially remarkable for its shiny, iridescent speculum); (5) that part of the labellum closest to the stigma, termed the basal field, is a well-defined dark 'D'-shaped region in most species groups, but is indistinct in or arguably absent from the Fusca group (Devillers & Devillers-Terschuren, 1994) , which also lacks (6) the pair of lateral 'pseudoeyes' (shiny protrusions that are exhibited, albeit to different degrees, by all other species groups).
A wide range of unicellular epidermal protrusions is present in the Ophrys labellum, from short domed papillae ( Fig. 3E ) to long trichomes (Fig. 5J ). The distinction between papillae and trichomes is poorly defined; the shorter protrusions (width greater than height) are generally termed papillae. Epidermal complexity (defined as the number of cell types identified) across the labellum varies between species groups, but is consistent within most. In most species, several different trichome types are presented on a single labellum. Some patterns are consistent throughout the genus. Every Ophrys flower has a margin of almost spherical cells around at least part of the labellum, subtended by a zone of long trichomes that are spirally twisted in some species (e. Table 2 summarizes the adaxial epidermal cell types observed in different regions of the 32 microspecies and one artificial hybrid surveyed, all but six of which are illustrated in Figures 3-15.
Insectifera group: Ophrys insectifera L. (Fig. 3 ) has a relatively simple labellum that is only slightly convex, elongate and has a central lobe that becomes relatively narrow immediately below the two welldeveloped lateral lobes and has a deep apical notch that lacks a recognizable appendix. The pseudoeyes are identified primarily through high reflectivity rather than contrasting pigmentation. The centrally located speculum is small, unbranched and passes directly into the brown background in the absence of a pale margin ( Fig. 3A) (although a pale margin is present in other, rarer microspecies of the Insectifera group). The SEM study of the labellum revealed four epidermal cell types (Fig. 3B) . Much of the dark brown lower part of the labellum is covered in domed cells (Fig. 3E) , although somewhat longer trichomes are present on the lateral lobes. The basal field and pseudoeyes are difficult to distinguish by eye from the surrounding regions, as all are uniform dark brown. However, SEM shows that the two regions are sharply distinct in surface morphology; the basal field and pseudoeyes consist of slightly domed, smooth, nonpapillate cells, whereas the dark regions are strongly papillate (Fig. 3C ). The speculum bears medium-length striate papillae ( Fig. 3D ) and has a sharp boundary.
Fusca group: Labella in the microspecies-rich Fusca group differ in shape primarily in the size and degree of recurvation of the lateral lobes (Fig. 4A, B) . The central lobe is often shallowly notched and reliably lacks a recognizable appendix. The broad stigma occurs in a distinctive recess, and neither a basal field nor pseudoeyes are detectable. In most microspecies, the speculum takes the form of two parallel, vertically elongate ellipses, which fuse laterally in some individuals to generate a single 'M'-shaped speculum (Fig. 4B) . The boundary is indistinct in many microspecies and, in some, the lower margin is paler than the remainder; this region reaches its palest colour and sharpest boundary in the Omegaifera subgroup. In contrast, the Atlantica subgroup has a large, solid, relatively reflective and slightly iridescent speculum with a sharp boundary and no pale margin (Fig. 4A) .
SEM demonstrates that the labellum is relatively simple, exhibiting only three cell types (Fig. 4C) . Domed cells characterize the variably wide margins, and narrow striated trichomes characterize the speculum. The intervening dark brown regions and the stigmatic cavity both bear long, dense trichomes, the latter oriented upwards towards the stigmatic surface. Each of the six microspecies of the Fusca group examined here represents a contrasting morphologically defined subgroup. Despite differing considerably to the human eye, they showed only quantitative differences in labellum surface micromorphology; their specula all bearing similar striate trichomes, even the comparatively reflective O. atlantica (contra Delforge, 2006: 422) (Fig. 4D-H) . Nonetheless, the near-flat polygonal basal portions of the speculum cells appear less striate in the two most reflective and iridescent microspecies of the group examined, O. iricolor (Fig. 4G ) and, especially, O. atlantica (Fig. 4A, F) .
Each of the next four macrospecies is poor in microspecies. The first three macrospecies combine with the Fusca group to form one of the three principal clades within Ophrys (Fig. 2) .
Tenthredinifera group: The distinctive labellum of O. tenthredinifera (Fig. 5 ) is robust and wide; a typically broad yellow margin surrounds the dark brown region (Fig. 5A) . The labellum has modest lateral lobes, often extended into short horns, and terminates in a substantial appendix. A small and simple, but reflective, speculum resembling a torc borders the basal field. The labellum is strongly hirsute throughout, with particularly prominent trichomes ornamenting the lateral lobes and the raised region immediately above the appendix.
SEM images reveal a relatively complex epidermis containing seven categories of cell (Fig. 5B) . Within the broad marginal band of domed cells occur long, spirally twisted trichomes (Fig. 5J) , whereas shorter trichomes characterize regions above and below the speculum (Fig. 5C, D, H) . The speculum itself consists mainly of smooth, in some cases slightly domed, cells (Fig. 5G, H) , as do the pseudoeyes (Fig. 5C) , although a few striate-papillate cells are clustered in the centre of the speculum (Fig. 5H ).
Bombyliflora group:
The small globose labellum of O. bombyliflora ( Fig. 6A-D) has relatively large hirsute lateral lobes and a less hirsute central lobe that typically lacks a distinct appendix (Fig. 6A, B) . The speculum varies from a narrow collar to, more commonly, two teardrops, and is unusually difficult to circumscribe visually as it differs little in pigmentation from the surrounding tissues.
SEM images reveal five cell types and show that the epidermal cells of the pseudoeyes, stigmatic region and speculum are generally smooth (Fig. 6B,  C) , although the speculum cells grade through shallowly striate-papillate into short trichomes (Fig. 6C,  D) . The basal field is small and its trichomes are poorly developed (Fig. 6C) . The long marginal trichomes are often spirally twisted, especially on the lateral lobes.
Speculum group: All three microspecies of the Speculum group lack an appendix (Fig. 7) separated by a narrow yellow-orange band from the large, oval, sharply defined speculum (Fig. 7A-D, I ). The distinctive box-shaped basal region of the labellum elevates the location of the pseudoeyes and precludes the formation of a well-developed basal field (Fig. 7A-D) , whereas the region immediately below is raised and bears one (O. speculum) to several (O. regisferdinandii) distinctive grooves (Fig. 7D ).
Only four cell types were visible using SEM. In all three microspecies, the pseudoeyes, putative basal field and speculum exhibit only smooth, nonstriated, nonpapillate cells (Fig. 7H, I ). Polygonal speculum cells are clearly demarcated from the surrounding long marginal trichomes (Fig. 7C, D, F, I ), which are spirally twisted (Fig. 7J, K) . The grooves below the stigmatic region contain short, rounded or tapering A, E, Flowers; B, F bisected labella; C, junction of speculum, basal field and pseudoeye; D, striated papillae at margin of speculum; G, longer striated trichome on speculum; H, junction between darker part of speculum and paler margin. Scale bars: B, C, 500 mm; H, 200 mm; F, 2 mm; D, G, 10 mm. bf, basal field; dr, dark region; ll, lateral lobe; p, pseudoeye; sp., speculum. Photograph (A, E); scanning electron micrograph (B-D, F-H). Note that the two species depicted in this plate belong to highly contrasting clades (cf. Fig. 2) . 516 E. BRADSHAW ET AL. papillae (Fig. 7E) , providing a novel synapomorphy of the group.
There remains only the third of the three principal clades of Ophrys (Fig. 2) . Of the five groups that constitute the clade (Fig. 2, left) , only the basally divergent Apifera group is shown as molecularly distinct in all analyses. Although the clade is best delimited by the elongate and acute gynostemium (Devillers & Devillers-Terschuren, 1994) , it is also characterized by well-developed pseudoeyes and basal fields and by heavily pigmented, relatively poorly reflective specular regions that are typically complex in shape and surrounded by pale borders, except in some members of the Sphegodes group. Most of these labella exhibit six cell types (Table 2) .
Apifera group: Ophrys apifera Huds. (Fig. 6E-H ) has a highly recurved globular labellum with distinct hirsute lateral lobes and a small appendix, resembling in these characters the only distantly related Bombyliflora group. The brown, pale-bordered speculum forms a collar enclosing the well-developed basal field and stigmatic region (Fig. 6E, F) .
The SEM study demonstrates that the prominent pseudoeyes are covered with smooth cells, whereas the large dark basal field consists of dense papillae (Fig. 6H, right) , and the speculum is covered with striated trichomes (Fig. 6G) and papillae, being shortest along the pale margin (Fig. 6H ).
Umbilicata group:
The recently recognized Umbilicata group (Devey et al., 2008; Sramkó, Gulyás & Molnár, unpubl. data (Fig. 8) , have a thick labellum with welldeveloped hirsute lateral lobes and an elongate, highly recurved central lobe that terminates in a large appendix, although the labellum of O. bornmuelleri M.Schulze is broader and flatter (Fig. 9) features more characteristic of the Fuciflora group.
SEM shows that the labellum of O. kotschyi is sufficiently densely hirsute to resemble a coir doormat (Fig. 8B) ; the trichomes are longer and especially wider in the marginal regions and basal field than on the speculum (Fig. 8B-E) , which has a sharp boundary (Fig. 8E) . Nevertheless, the pseudoeyes remain nonpapillate (Fig. 8B) . Despite its evident partial decay and/or dehydration, similar epidermal features are evident in the figured specimen of O. rhodia (Fig. 8F-I ), although the speculum is even more extensive, reducing the area of the labellum covered by trichomes. Ophrys bornmuelleri is similarly covered in trichomes (Fig. 9A, C) , which are particularly long on the lateral lobes (Fig. 9C) ; on the speculum, they shorten to distinctive coarsely striate papillae (Fig. 9B, D-F) , reminiscent of those observed on O. rhodia (cf. Fig. 8G vs. Fig. 9E ).
Fuciflora and Scolopax groups:
As befits the least molecularly distinct of the ten ITS-based groups recognized here, the Scolopax (Fig. 10) and Fuciflora (Fig. 11) groups have labella that are sufficiently similar to encourage joint description. The former is represented here by five microspecies (including one from the Candica subgroup) and the latter by two microspecies (Table 1) . Macromorphological distinction between the two groups is similarly subtle, relying on the typically more elongated central lobe (partly reflecting greater lateral recurvation) and longer horns on the central lobes of the Scolopax group (cf. Figs 10D, 11A ). Both groups possess welldeveloped, hirsute lateral lobes, a prominent appendix and a speculum consisting of a dark central area within a broad, pale border ( Figs 10A, C, D, G, 11A,  B) .
The SEM study showed that the pseudoeyes consist of smooth cells, whereas the well-defined 'D'-shaped dark basal field consists of acute-conical cells (Fig. 11C) . The speculum is entirely covered by strongly striated trichomes, which are substantially longer in the darker core region than in the paler marginal zone (Figs 10B, E, F, 11D-F).
Sphegodes group:
This group is the richest of all in putative microspecies (Fig. 2) , encompassing exceptional macromorphological variation (Figs 12-15) . Thus, the seven microspecies studied here represent five subgroups (Table 1) . Most subgroups have a subrounded and relatively flat labellum with a small, indistinct appendix, although variation in size is enormous. Pseudoeyes are reliably present but vary in size and visibility. The speculum differs considerably among the five studied subgroups. In subgroups Sphegodes, Mammosa and Reinholdii, the speculum typically connects to the poorly differentiated basal field and is 'H'-shaped ( Figs 13A, 15A ), but it is sometimes broken into two parallel lines (Fig. 12E) or even into two teardrops disconnected from the basal 'collar' region (Fig. 13E) . The central portion of the speculum varies in reflectivity and can be brown (Fig. 12E) , purple or blue-grey (Fig. 13A, E) . The paler margin varies from almost absent in some subgroups (Fig. 13E) to constituting the bulk of the speculum in the Cretica subgroup, which is also characterized by a more complex outline (Fig. 12A) . Lateral lobes of subgroups Mammosa and especially Reinholdii are robust and hirsute ( Figs 13A, B , E, H, 15A, C), whereas those of subgroup Cretica are elongate and spreading (Fig. 12A) . The most morphologically divergent labellum belongs to the Bertolonii subgroup (Fig. 14) . It is densely hirsute and strongly laterally recurved (Fig. 14A, B) . The lower part of the labellum is often distinctively decurved, terminates in a small but distinct appendix (Fig. 14E) , and bears an oblong speculum (Fig. 14B ) that is both highly reflective and iridescent, providing a valuable comparison with the iridescent specula observed in the Speculum group (Fig. 7) and, to a lesser degree, in the Atlantica subgroup of the Fusca group (Fig. 4) .
The SEM images suggest that less variation is evident at a micromorphological scale. Pseudoeyes consist of flat polygonal cells (Fig. 12B) , but the remainder of the labellum is covered in slender, strongly ridged trichomes. These can be highly elongate on the lateral lobes (Fig. 13B) , are shorter and acute on the indistinct basal field ( Figs 12D, I, 13F ) and columnar on the speculum ( Figs 12G, I, 13C , F, G). The radiating ridges observed on the labellum of O. reinholdii Spruner ex H.Fleischmann (Fig. 13B, D reinholdii (Fig. 13A) , which might explain their unusually pale appearance. The notable exception to the above description is the Bertolonii subgroup (Fig. 14) . Unusually long, dense trichomes cover much of the labellum (Fig. 14B ), but grade rapidly through shorter cone-shaped protuberances (Fig. 14D) to the flat polygonal cells of the speculum (Fig. 14C) .
One further observation was made on the Sphegodes group. Our discovery on Sicily of an anthocyanin-less 'hypochromic' floral morph of O. incubacea Bianca (Fig. 15C) allowed comparison of its micromorphology with that of the anthocyanin-rich wildtype morph of the same microspecies (cf. Fig. 15A ).
As expected, the lack of coloured pigment made the speculum far more difficult to locate through the human eye, but it is readily identified by SEM, which renders the two-colour morphs indistinguishable (Fig. 15B, D) . A null hypothesis exists for this comparison in the guise of the Greco-Albanian O. helenae Renz, another Sphegodes group segregate, which possesses a labellum that appears to be homogeneous in both colour and texture; no vestiges remain of the ancestral speculum (e.g. Delforge, 2006: 568) . Fusca group: Fig. 4B, C) and O. speculum (Speculum group: Fig. 7A, C) provided an excellent example of morphological intermediacy (Fig. 16) . The highly hirsute zone is closer to the labellum margin than in O. lutea, but further away than in O. speculum (Fig. 16A, B) . The trichomes are longer than those of O. lutea, but shorter than those of O. speculum (Fig. 16B, C) . The speculum is more extensive and more reflective than that of O. lutea, but less extensive and less reflective than that of O. speculum (Fig. 16A) . Most significantly, the speculum bears neither the narrow heavily striated trichomes of O. lutea nor the flat unstriated cells of O. speculum. Rather, the specular trichomes of the hybrid are unique, being relatively short with a wide, slightly striated base subtending a near-globose apex free of striations (Fig. 16D, E) .
ONTOGENETIC OBSERVATIONS
Comparison of a developmental sequence of buds from an inflorescence of O. sicula (Fusca group) yielded useful information, particularly regarding the comparative ontogeny of epidermal cells on the speculum (Fig. 17A-D) and the labellum margin just within the apex (Fig. 17E-H) . In speculum epidermal cells, elongation of the trichome (cf. Fig. 17A , B) appears to largely precede a more gradual lateral expansion of the subtending basal polygonal portion of the cell. Striations develop comparatively late in ontogeny, generated by regular patterns of cuticle deposition. Less expansion, either vertically or laterally, is evident in the dense trichomes located close to the labellum apex, suggesting that the speculum matures later than the rest of the labellar epidermis. The main trend observed in these dense trichomes was gradual dissociation of the apices of initially clustered trichomes (cf. Fig. 17E, F) . The spiral twisting of elongate trichomes observed in some Ophrys species (e.g. Figs 5J, 7J, K; see also figs 4, 5 of Servettaz et al., 1994) appears to reflect the initial entwining of the apical regions of multiple trichomes, which later separate as they mature (Fig. 17E-H) , rather than supporting the hypothesis of Servettaz et al. (1994) that the spiralling resulted from floral senescence.
TEM AND LM COMPARISON OF FLAT AND PAPILLATE SPECULA
We present here only preliminary TEM data on the ultrastructure of labella, pending a subsequent genus-wide TEM survey. Here, we have chosen to feature two highly reflective specula, contrasting the flat-celled epidermis of O. vernixia (Speculum group: Fig. 18A ) with the trichome-rich epidermis of O. atlantica (Fusca group: Fig. 18B ) and focusing on the cuticle and outer walls of the epidermal cells. Both are substantially thicker than is typical of angiosperm leaves. Moreover, the labellar cuticle of the more reflective and more iridescent O. vernixia is substantially thicker than that of O. atlantica (0.38 vs. 0.25 mm). Although the outer walls of the epidermal cells of both species are considered to be cutinized and are equal in thickness (2.1-2.2 mm), that of O. vernixia appears to be more distinctly layered internally.
DISCUSSION COMPARISON WITH PREVIOUS MICROMORPHOLOGICAL STUDIES
Each of the three previous SEM studies of Ophrys labella has focused on just one or two of the ten ITS-defined species groups. Two of these three studies addressed hybridization. Servettaz et al. (1994) examined the labella of several microspecies of the Bertolonii subgroup (Sphegodes group) from Italy and France, together with representatives of the Mammosa subgroup (Sphegodes group) and the Fuciflora group, and a putative hybrid between the Bertolonii subgroup and the Fuciflora group. Their results are largely congruent with our own, in particular noting the contrast in the speculum between the flat polygonal cells of the Bertolonii subgroup, the short robust trichomes of the Incubacea subgroup and the highly striated, crowded, robust trichomes of the Fuciflora group and its hybrid with the Bertolonii subgroup. The only meaningful difference reported by Servettaz et al. (1994) They too identified extensive areas covered by long, dense trichomes, not only in a broad submarginal zone, but also towards the throat of the labellum, where they were consistently oriented upwards towards the stigmatic surface. Shorter, striated trichomes characterized the speculum, whereas rounded papillate cells occurred along the labellum margin, concentrated most strongly around the apical notch. The only difference reported between the two microspecies was the less continuous distribution of long submarginal trichomes in O. lutea. Cortis et al. (2009) used SEM to examine several individuals each of O. iricolor (Fusca group), O. incubacea (Sphegodes group, Mammosa subgroup) and their intergroup hybrid in Sardinia. However, their published observations were confined to three localized regions of the labellum, approximating the basal field (strictly this is not properly developed in the Fusca group) and the areas near the margins and apex of the central lobe that are reliably occupied by long trichomes in most Ophrys species. Thus, the speculum was overlooked. The main difference observed by Cortis et al. (2009) segmented multicellular trichomes towards the lateral margins of the labellum in O. incubacea, whereas our observations of several microspecies of the Sphegodes group failed to reveal any evidence of multicellularity.
PHYLOGENETIC RECONSTRUCTION AND CHARACTER EVOLUTION
As noted in the Introduction and summarized in Figure 2 , both nuclear ribosomal ITS and plastid phylogenetic trees identified between nine and ten congruent monophyletic groups of microspecies in Ophrys. Both also recognized three major clades within Ophrys, the Insectifera group apparently being sister to Fusca + Tenthredinifera + Bombyliflora + Speculum plus Apifera + Umbilicata + Scolopax + Fuciflora + Sphegodes. Two main topological differences are evident between the nuclear and plastid trees. Firstly, ITS data identify the Apifera group as the basally divergent member of the Apifera-toSphegodes clade, whereas plastid data suggest that the Umbilicata group is basal, albeit with weaker bootstrap support (71% vs. 53%). Secondly, ITS data place O. bombyliflora as sister to the Speculum group, and plastid data place O. bombyliflora as sister to the Tenthredinifera group, with approximately equal confidence (bootstrap support 86% vs. 84%) -an important distinction, as the plastid topology places the Speculum group as basally divergent within the Fusca-to-Speculum clade (Fig. 2) .
D 'Emerico et al. (2005) presented karyotypic data on representatives of seven of the ten macrospecies. Polyploidy is almost confined to the Fusca group. Karyotypic divergence is modest and heterochromatin levels are low compared with other genera of Orchidinae. Ophrys insectifera is distinguished by possessing, on average, the most asymmetric centromere placements, whereas O. apifera exhibits the greatest variation in chromosome length. In contrast, O. tenthredinifera is the most symmetrical species for both parameters. Each of these species occurs in a different example of the three major clades of Ophrys.
In addition to the ITS and plastid trees, a third topology relevant to this discussion is that produced from a morphological cladistic matrix by Devillers & Devillers-Terschuren (1994) . The matrix contained a remarkable total of 34 bistate characters, arguably reflecting overemphasis on the details of the stigmatic surface, basal field, pseudoeyes and trichomes. One of the resulting 16 most-parsimonious trees is presented here as Figure 19A . The 12 taxa scored in this analysis compare reasonably closely with those delimited in the molecular phylogenetic studies (represented by the ITS tree in Fig. 19B ), except that the Bombyliflora group is subsumed into the Tenthredinifera group, the Scolopax group is subsumed into the Fuciflora group, the Fusca group is divided into Fusca and Omegaifera groups, and the morphologically diverse Sphegodes group is divided into four groups, based on the archetypes of O. sphegodes s.s., O. mammosa Desf., O. argolica H.Fleischmann and O. reinholdii. The morphological topology more closely followed previous morphologically based taxonomy in placing as basally divergent subgenus Pseudophrys sensu Godfery (1928) and in recognizing a paraphyletic progression of O. speculum to O. insectifera to O. tenthredinifera (+ bombyliflora). With regard to relationships among the major groups of microspecies, only one node (that subtending the Apifera-to-Sphegodes clade) is incontrovertibly shared by the molecular and morphological topologies, the latter providing a credible synapomorphy for the group in the form of an elongate, acute gynostemium. Thus, the distribution of the labellum micromorphological characters described in this paper (Table 2 ) across these three topologies (cf. Figs 2A, B, 19 ) is of considerable phylogenetic interest. Which of the three trees provides the best statistical fit to our data, and do the labellum micromorphological characters help to delimit the ten molecularly defined species groups?
The somewhat arbitrary categorizations of the sharpness of the boundaries delimiting the basal field and the speculum, respectively, show little correlation with the ten molecular groups. The speculum boundary is reliably sharp in the Sphegodes group, and sharply bounded basal fields are confined to the Scolopax and Tenthredinifera groups ( Table 2 ). The two groups with a poorly defined (arguably absent) basal field also have distinctive stigmatic micromorphologies: that of the Fusca group is pilose, whereas that of the Speculum group has one or more longitudinal grooves exposing densely packed papillae. Flat polygonal cells characterize the specula of the Speculum, Bombyliflora and Tenthredinifera groups, suggesting that these three groups could constitute a clade, a relationship most congruent with the ITS tree (Fig. 19B : the three groups are also united by their coast-hugging Mediterranean distributions). However, similarly flat polygonal cells also characterize the Bertolonii subgroup of the Sphegodes group (cf. Servettaz et al., 1994) . Relatively short papillate specular trichomes (Յ 15 mm: Table 2 ) characterize most of the microspecies examined in the Umbilicata, Scolopax and Fuciflora groups, again a similarity most congruent with the ITS topology; in addition, approximately one-half of the microspecies in the Umbilicata and Scolopax groups have relatively broad specular trichomes. Long specular trichomes (> 30 mm) are confined to the Fusca group (cf. Ascensão et al., 2005) .
The diversity of epidermal cells is lowest in the Fusca, Speculum and Insectifera groups. This observation is more congruent with the plastid and morphological trees, particularly with regard to the placement of the Speculum group, and suggests that low epidermal diversity is plesiomorphic within Ophrys. A striate-papillate surface morphology characterizes the labella of many other genera of Orchidinae (Box et al., 2008) , although the closely related genus Serapias L. is rich in elongate trichomes. The level of epidermal cell complexity observed in the more derived groups within Ophrys exceeds that reported for any other genus of Orchidinae.
Irrespective of the chosen phylogeny, it is clear that parallelism is rife in Ophrys labellar morphology. Large yellow appendices evolved independently in the Tenthredinifera and Fuciflora + Scolopax + Umbilicata clades. Broad, thick, shallowly convex labella similarly characterize the Tenthredinifera group, Fuciflora group and the Bornmuelleri subgroup of the Umbilicata group. Long lateral horns evolved independently in portions of the Apifera, Scolopax and Umbilicata groups, generally developing unusually long trichomes. Exceptionally complex specular outlines occur in some members of each of the Sphegodes, Fuciflora, Scolopax and Umbilicata groups, whereas highly simplified specular outlines (paired teardrops or single shields) separated from the basal collar occur in some members of the Bombyliflora, Umbilicata, Scolopax and Sphegodes groups. Pale specular margins originated independently in the Tenthredinifera group and the Apifera-to-Umbilicata clade, although they were secondarily lost from some members of the Sphegodes group. Pale margins to the labellum itself occur in a minority of microspecies of most macrospecies and Figure 19 . A, One of 16 most-parsimonious trees generated from the morphological cladistic matrix of Devillers & Devillers-Terschuren (1994) , modified after figure 3A of Bateman et al. (1997) . B, Simplified version of the internal transcribed spacer (ITS) phylogenetic tree published as figure 2 of Devey et al. (2008) . Specular cells are flat (squares), papillose (circles) or trichomous (triangles); filled symbols indicate iridescent specula. Support values for both trees are based on 1000 bootstrap replicates, and arrows indicate nodes that collapse in the respective strict consensus trees. in a majority of the Tenthredinifera group. Most importantly, iridescent specula evolved independently in the Speculum group and subgroups of the Sphegodes and Fusca groups (Fig. 19B) .
CHEMICAL VERSUS STRUCTURAL COLOUR IN OPHRYS
The highly complex externally visible patterning that characterizes the labella of all Ophrys species is caused by differentiation in both chemical properties, notably the distribution of coloured pigments, and physical properties, notably epidermal cell micromorphology.
Considering first chemical properties, Strack, Busch & Klein (1989) summarized the pigment biochemistry of the flowers of 13 Ophrys microspecies representing seven of the ten molecularly delimited species groups (including four subgroups within the Sphegodes group). The dry weight of anthocyanin was 1-6% in the labellum and typically less in the other perianth segments. The anthocyanin contents of most analysed labella were similar; they were dominated by ophrysanin (50-70%) and most contained subsidiary chrysanthemin (< 30%). These are chemically similar pigments: cyanidin 3-oxalylglucoside and cyanidin 3-monoglucoside, respectively. Ophrys phrygia H.Fleischmann & Bornm. (Scolopax group) contained 33% serapianin (cyanidin oxalyl-3,7-diglucoside), approximating the amount found in the closely related genus Serapias. However, the most notable exception was O. insectifera, which yielded little ophrysanin but was instead dominated by roughly equal amounts of chrysanthemin and an unknown anthocyanin (see also Uphoff, 1979 Uphoff, , 1980 . Ideally, pigments would be compared in the specular and nonspecular regions of the same labellum. On present evidence, variations in physical properties appear to be more significant than variations in pigment content in explaining the appearance of Ophrys labella, although they are also more complex to analyse.
Structural colour is the generation of a visible colour through physical structures rather than chemical pigments such as anthocyanins. Reflectivity is the product of both chemical and physical properties. However, in some cases, high reflectivity is combined with iridescence, a phenomenon that can only be caused by physical rather than chemical features; a surface is defined as iridescent if its colour appears to be substantially different when it is viewed from contrasting angles. Structural colour in general and iridescence in particular have been studied widely in the animal kingdom, where they are responsible for the vivid wings of many butterflies, the wing cases of beetles and the spectacular plumage of birds such as the peacock. However, structural colours have been largely ignored in plants, where research has focused on the analysis of chemical pigments and the colours they produce (Whitney et al., 2009) . Structural colour and the physical properties of the shoot epidermis have only been studied in the context of the effect of light on leaves, fruits or pteridophytic megaspores (e.g. Ehrlinger & Bjorkman, 1978; Lee, 1991; Graham, Lee & Norstog, 1993; Hemsley et al., 1994; Vigneron et al., 2005; Brodersen & Vogelmann, 2007) .
Wavelength-specific structural colour is produced when a physical structure reflects back a narrow bandwidth of light wavelength, allowing all other wavelengths to pass through to the interior, where they are absorbed or transmitted. Such structural colour is usually more intense and pure than chemical colour, which absorbs the bulk of the incident light and reflects broader bandwidths. Biological structural colours are produced in several ways. Firstly, structural colours can be generated by a multilayered substance, when the layers contain compounds with contrasting refractive indices. Such colours, epitomized by butterfly wings, can appear iridescent (Vukusic, Sambles & Lawrence, 2000; Vukusic et al., 2001; Kinoshita et al., 2002) . Secondly, structural colours can be generated by the surface structure of a substance, via either concave reflectors (resembling those on a bicycle: Vukusic et al., 2001) or diffraction gratings (ordered striations of a specific periodicity and depth, resembling those on a compact disc: Whitney et al., 2009) . Thirdly, structural colours can result from the inclusion of small scattering objects that cause either Rayleigh scattering, which is also wavelength selective (e.g. blue eyes), or spectrally resonant scattering (Herring, 1994) .
Most Ophrys labella are dominantly dark brown, often with a yellow or greenish-yellow appendix and margins that extend much further towards the speculum in some microspecies (e.g. the Lutea subgroup of the Fusca group, most microspecies of the Tenthredinifera group, O. lacaitae Lojacono in the Fuciflora group, O. aesculapii Renz in the Sphegodes group, O. aymoninii (Breistroffer) Buttler in the Insectifera group: cf. Delforge 2006). Pale yellow or, less often, white borders also characterize the specula of most microspecies. The region of the labellum most variable in colour, reflectivity and, in some cases, iridescence is the core area of the speculum. This region varies from a dark brown or occasionally reddish-brown that is typically only slightly paler than the surrounding regions of the labellum (Figs 6E, 8A, F, 9A, 10A, D, 11A, 12E) through greyish-brown (Figs 4B, 6A) to bluish-grey (Figs 3A, 5A, 12A, 13A, E, 15A) and, in the most extreme cases, an intense blue ( Figs 4A, 7A , B, 14A).
Reflectivity apparently increases along this cline of colour, the speculum reliably being more reflective than surrounding regions of the labellum. This suggests that the cline represents an increasing contribution from structural relative to chemical colour, an interpretation reinforced by the fact that iridescence readily detectable to the human eye is confined to highly reflective bright blue specula of the Bertolonii subgroup (Fig. 14A, B ) and the Speculum group (Fig. 7A, B) . Although distinctly blue-coloured specula occur in some members of the Fusca group (notably O. atlantica and O. iricolor) , the Insectifera group and the Sphegodes group, they do not appear to equal the reflectivity of the Speculum and Bertolonii clades.
Both the Speculum and Bertolonii clades share the feature, rare among Ophrys spp. (Table 2) , of flat specular cells. Flat polygonal cells appear to be essential prerequisites for iridescence, perhaps because a flat surface scatters less light and thus can provide the ordered directionality of reflection required for structural colour. However, flat cells are insufficient in themselves to explain iridescence, as they also characterize the closest relatives of the Speculum group (Fig. 2) , namely the Tenthredinifera and Bombyliflora groups; taxa with specula that show only moderate reflectivity and no iridescence (Figs 5A, 6A) .
Significantly, even in the species group with the longest specular trichomes (Fusca), the specular trichomes are substantially shorter than the trichomes located elsewhere on the labellum. This allows the speculum to appear comparatively reflective, as substantially more light reaches the flat, putatively more highly reflective basal portions of the epidermal cells. Other studies of angiosperm petals have suggested that the commonplace presence of conical-papillate cells on the adaxial surface of petals increases colour saturation and decreases reflectivity (e.g. Kay et al., 1981) . Such conical cells tend to be restricted to the margin of the labellum (including the appendix) in Ophrys ( Figs 3E, 7J ). Striated trichomes of varying lengths, often spirally twisted when exceeding 50-100 mm, characterize the bulk of the adaxial surface of most Ophrys labella. Given that this surface is typically dark brown with an exceptionally low reflectivity of c. 5% (R.M. Bateman, D.S. Devey & P.J. Rudall, unpubl. data) , it seems likely that the trichomes are at least as effective as conical papillae in absorbing and/or diffusing both visible light and UV wavelengths (UV dispersion is caused by very similar trichomes borne on the bracts of the edelweiss: Vigneron et al., 2005) . Past hypotheses arguing that striated trichomes enhance the visibility of the speculum (Ascensão et al., 2005) can be confidently refuted.
However, the fact that the conical-papillate margins of the labellum are often yellow, and that this yellow zone can, on occasion, spread deeper into the labellum despite the continued presence of abundant elongate trichomes, demonstrates that chemical pigments remain important in dictating the colour, and thereby also the reflectivity, of contrasting regions of the Ophrys labellum. Two observations reinforce this conclusion. Firstly, we were able to compare the wild-type anthocyanin-rich flowers of O. incubacea with those of a naturally occurring anthocyanin-less mutant. The flowers appear to be strikingly different macromorphologically (Fig. 15A  vs. Fig. 15C ), but under SEM they cannot be distinguished (Fig. 15B vs. Fig. 15D ). Secondly, most orchid labella lost pigments and became bleached when stored in ethanol, but all of the labellar regions other than the central and marginal zones of the speculum remained clearly discernible under SEM; the speculum was still readily demarcated through its surface microtopography alone. Thus, the overall appearance of the labellum is dictated by the interplay of chemical pigments and physical micromorphology.
Seeking to further explore reflectivity, Bradshaw (2007) compared white-black calibrated reflectance spectra from the blue-grey speculum and surrounding dark brown region of the labellum of a fixed flower of O. insectifera throughout the wavelength range 335-700 nm. Interpretation focused most strongly on the three wavelengths most visible to bees, which are the most frequent pollinators of most Ophrys spp., including O. insectifera (360 nm, UV; 440 nm, blueindigo; 588 nm, green-yellow; bees detect the longer red and infrared wavelengths only weakly; e.g. Briscoe & Chittka, 2001) . Reflectance from both surfaces was negligible at 360 nm but, in the blue-indigo and green-yellow ranges, the reflectance of the blue speculum was approximately three times that of the surrounding brown labellar region, reaching 15% in the green-yellow wavelength. Moreover, in the near-UV-violet range (360-405 nm), the reflectance of the speculum was 2-4%, whereas that of the surrounding region was zero, confirming a more general trend for blue (and yellow) petals of angiosperms to preferentially reflect UV radiation (Guldberg & Atsatt, 1974) . As bees are blind to red but sensitive to UV-blue wavelengths (Srinivasan & Lehrer, 1988; Peitch et al., 1992) , the visual contrast between the speculum and the rest of the labellum will appear even greater to bees than it does to humans.
Moreover, we speculate that the contrasting colours and textures of different regions cause temperature clines to be established across the labellum. These could, in turn, influence pollinator behaviour, either directly by being detected by the visiting insect, or indirectly by causing differential emission of pseudopheromones by osmophores located in contrasting regions of the labellum.
The limited TEM and LM surveys of infracellular structures conducted thus far by ourselves on unusually reflective specula (Fig. 18A, B) and by Ascensão et al., (2005) on the relatively unreflective specula of typical members of the Fusca group have been insufficient to identify structural patterns that might explain the contrast in reflectivity and iridescence. Reflectivity in the Speculum group may be enhanced by the multilayered cell wall observed (Fig. 18A) . A material composed of numerous thin, superimposed layers permits multilayered interference, and therefore is likely to reflect more light than a more homogeneous material that allows more light to be transmitted, as in a high-reflectance coating stack. Contrasts in refractive indices determine the wavelength of light that is most strongly reflected (Kurachi et al., 2001; Kinoshita & Yoshioka, 2005; Whitney et al., 2009) . However, other plausible explanations for reflectivity and/or iridescence exist. Regular structures theoretically capable of forming diffraction gratings typically occur at two scales that are separated by approximately an order of magnitude: in this case, the more-or-less even distribution of papillae/ trichomes across the epidermis, and the often pronounced ridges evident in the cuticle (Figs 3-16 ). In addition, our limited TEM and LM observations revealed well-developed layering of both organelles and starch bodies within the epidermis and/or the immediately subjacent mesophyll layer (not shown).
Recent research applying previous knowledge of liquid crystal behaviour (Meister et al., 1996) to the exoskeleton of scarab beetles (Sharma et al., 2009) has revealed an additional phenomenon that could explain at least some aspects of structural colour in the Ophrys labellum. The wing cases of scarab beetles selectively reflect as vivid green under left circularly polarized light, but appear dull under right circularly polarized light. More detailed examination revealed that the exoskeleton consists of dominantly hexagonal, flat cells that, under natural light, reflect green (c. 530 nm) light, but have a slightly raised shallowconical centre that preferentially reflects yellow (c. 580 nm) light. Regular internal structures appear to be organized such that some incident light is diverted into a helicoid path; the perceived colour thus becomes dependent on the angle of incidence of the light. Light perpendicular to the exoskeleton yields only small yellow spots in the centre of each epidermal cell, whereas, under diffuse light, the yellow spot greatly expands, representing a red shift of c. 30 nm and thus permitting green-yellow iridescence (Sharma et al., 2009) . Similar unidirectional circular polarizing effects operating at shorter wavelengths could account for the blue-violet iridescence of the Ophrys speculum. One possible source of such circular polarization is the often spiral cuticular ridges observed on the trichomes or papillae that adorn the Ophrys labellum ( Figs 3D, 4D-H, 12G, 13G ). Further work is being conducted to determine which one or more of the four phenomena described above best explains the remarkable physical properties of the Ophrys speculum.
EVOLUTIONARY-DEVELOPMENTAL GENETIC INFERENCES
Recent evolutionary-developmental genetic studies have identified at least some of the key genes determining the morphology of orchid flowers. The unusual complexity of the orchid perianth, showing macromorphological differentiation of not only sepals from petals but also the labellum from the other petals, is reflected in the presence of the unprecedented number of four distinct B-class (DEF-like) MADS box genes (Tsai et al., 2004; Mondragón-Palomino & Theissen, 2008) . However, the genes dictating the additional dorsiventral cline of differentiation identified by comparison of floral morphs (Rudall & Bateman, 2002; Bateman & Rudall, 2006) , most probably controlled by one or more members of the TCP gene family epitomized by CYC-LOIDEA, have yet to be identified (Mondragón-Palomino & Theissen, 2009 ). In addition, multiple copies of STM-like genes of the KNOX family have been identified in several species of Orchidinae that possess labellar spurs (M.S. Box et al., Royal Botanic Gardens, Kew and John Innes Centre, Norwich), and multiple structurally divergent copies of the flowerinducing gene family LEAFY have been identified in the Ophrys fusca group (Schlüter et al., 2007) . Moreover, a study of the B-class PISTILLATA homologue OrcPI in several genera of Orchidinae suggested that the mutation rate in the single representative of Ophrys analysed (O. tenthredinifera) was double that in six comparable genera of Orchidinae ( fig. 2 of Cantone et al., 2009) . Together, these observations suggest an unusual diversity of, and rapid change in, developmental genes of orchid flowers. Does this trend also apply to genes determining labellum micromorphology?
The usual suspect for explaining the differentiation among epidermal cells of the kind observed among Ophrys labella is the MIXTA family of MYB transcription factors (Glover, Perez-Rodriguez & Martin, 1998) . MIXTA-like genes control the formation of conical cells, unicellular and multicellular trichomes (some glandular) on the petal epidermises of many species of plant across a wide phylogenetic range; detailed studies have explored Thalictrum L. (Ranunculaceae), Antirrhinum L. (Plantaginaceae), Petunia Juss. (Solanaceae) and Gorteria L. (Asteraceae) (Noda et al., 1994; Perez-Rodriguez et al., 2005; Baumann et al., 2007; Di Stilio et al., 2009; M.M. Thomas et al., unpubl. data) . Our prediction is that multiple homologues of MIXTA will be detected in Ophrys labella, thereby helping to explain their unusually complex epidermal morphology, although we recognize that the complexity of the labellum is likely to greatly exceed that of the underlying genetic controls. The striations that characterize the trichomes are likely to develop during cuticle deposition, and are therefore influenced by genes such as ECERIFERUM5 and WHITE-BROWNCOMPLEXII, which encode membrane transporter proteins, and SHINE1, which encodes an AP2/ EREBP-type transcription factor that regulates cutin and wax biosynthesis (Aharoni et al., 2004; Bird et al., 2007) . Although the biosynthetic pathways of the components of the cuticle are well understood, little is yet known of the process by which the cuticle is deposited and patterned (Kunst & Samuels, 2003; Samuels, Kunst & Jetter, 2008) -knowledge that could greatly benefit our understanding of the mechanism(s) by which plants generate structural colour.
Quantitative differences observed in epidermal morphology among Ophrys species groups, including the wide ranges of trichome lengths recorded on particular regions of the labellum and the sharpness of the boundaries between these regions (Table 2) , show a high degree of homoplasy irrespective of which of the available phylogenetic trees of the genus is preferred (Figs 2, 19) . The apparently more radical transition from a villose to a glabrous speculum has occurred only twice, in the ancestor of the Bertolonii subgroup and the shared ancestor of the putative Speculum + Bombyliflora + Tenthredinifera clade. We note, in this context, that the pair of small pseudoeyes that occurs adjacent to the stigmatic surface in all Ophrys except the Fusca group consistently has flat (or rarely very slightly papillate) polygonal cells that appear unusually reflective. In some species groups. the pseudoeyes also have a dark pigmented centre surrounded by a paler marginal zone, thereby literally mirroring the structure of the speculum. Thus, the developmental programming needed to generate flat epidermal cells is clearly present in most Ophrys species groups, but it is only expressed in the specula of two small lineages. Indeed, it may ultimately prove to be more accurate to state that the development of trichomes in these cells is suppressed.
These observations might indicate relatively subtle genetic or epigenetic control involving several loci, at least some supporting multiple alleles. However, recent examination of another complex petal structure, the highly reflective insect-attracting petal spot of the South African daisy Gorteria diffusa Thunb., demonstrated that a developmentally tractable (epi-) genetic mechanism can, in some circumstances, produce a morphologically complex floral adaptation (Thomas et al., 2009) . Moreover, the unique rather than intermediate morphology of the specular trichomes observed in the artificial hybrid between the Speculum and Fusca groups (short with wide, slightly striated base subtending a near-globose unstriated apex: Fig. 16D , E) suggests that micromorphological novelty is relatively easily achieved in these lateformed features (cf. Bateman, Smith & Fay, 2008) .
Such novelties are likely to prove maladaptive in most cases, but also indicate the relative ease with which the often subtle diversity in labellar micromorphology observed within Ophrys could emerge. Bateman et al. (2010) concluded that the microspecies of Ophrys are not reliably identifiable by any known method. The macromorphological characters are too subtle, the molecular phylogenetic characters nonexistent and the pollinator visits too rare to assist identification. We can now draw a supplementary conclusion that the micromorphological characters of the labellum parallel the macromorphological characters in helping to circumscribe the genetically delimited macrospecies, but they lack the finesse required to discriminate among the myriad of putative microspecies. Bateman et al. (2010) argued that the vast differences in the estimates of the numbers of species within Ophrys partly reflect contrasting (or inadequately precise) species definitions, which depend on the relative credence given to morphological similarity, monophyly and reproductive isolation. However, they especially emphasized the recent heightened conflict between geneticists (e.g. Devey et al., 2008) , who infer the absence of reproductive isolation from complete genetic similarity, a measure that is in practice averaged through many generations, and ecologists (e.g. Paulus, 2006) , who infer the presence of reproductive isolation from observations of pollinator visitation that are highly localized in space and time.
IMPLICATIONS OF FUNCTIONAL MORPHOLOGY FOR SPECIATION MECHANISMS
If a particular species of insect is observed to pollinate a particular microspecies of Ophrys, it is tempting to assume that evolution has operated with such precision that each pollinating insect has acquired a faithful co-evolutionary relationship with a different Ophrys microspecies (e.g. Paulus & Gack, 1990; Paulus, 2006) . In effect, the identity of the pollinator can become the key diagnostic character of the Ophrys plant. This assumption was challenged by Bateman (2009a, b) and Bateman et al. (unpubl. data) , who argued from first principles that the inferred perfection of the one-to-one relationship between pollinator and orchid 'species' would strongly constrain any further diversification in the orchid lineage. A species possessing multiple pollinators, differing in importance from site to site, time of day to time of day, day to day and year to year, provides much greater opportunities for generating further recognizable local variants. Thus, recent evidence of the weakness of post-zygotic barriers, prompting some important conceptual dialogues (e.g. Sobel & Randle, 2009 vs. Scopece et al., 2009 , to gene exchange among Ophrys macrospecies (Scopece et al., 2007; Cozzolino & Scopece, 2008; S. Cozzolino, G. Scopece & R. Bateman, unpubl. data) is matched by increasing evidence of the weakness of pre-zygotic barriers. Many of the supposed microspecies, particularly those showing local distributions, are likely to be hybrid swarms (Bateman et al., 2010 ; see also Soliva & Widmer, 2003; Gulyás et al., 2005; Cortis et al., 2009) , an interpretation further encouraged by the recognition of multiple microspecies among the progeny of a capsule from a single self-pollinated Ophrys flower (Malmgren, 2008) .
We do not deny the sophistication of the pollination mechanism attributed to Ophrys. The sequential use of pseudopheromones, visual cues and tactile stimuli to encourage pseudocopulation is well established, although each of the three categories of cue has tended to be researched separately, making it difficult to determine their relative importance. Moreover, several studies have identified the biochemistry of the complex cocktail of pseudopheromones observed in all Ophrys groups studied thus far, and their relative effects on contrasting potential pollinating insects (Borg-Karlson, 1990; Schiestl et al., 1999 Schiestl et al., , 2000 Ayasse et al., 2000 Ayasse et al., , 2003 Schiestl & Ayasse, 2002; Mant et al., 2005; Schiestl, 2005; Stökl et al., 2005 Stökl et al., , 2008 Stökl et al., , 2009 Véla et al., 2007; Schiestl & Cozzolino, 2008; Schlüter & Schiestl, 2008) but, to the best of our knowledge, these analyses have been based on chemical extracts made from entire labella. Given the micromorphological and apparent ultrastructural complexity of the labellum, it seems highly desirable to determine more conclusively which regions and cell types on the labellum are osmophores, and whether particular pseudopheromones are preferentially generated from particular regions of the labellum. Selective staining in anatomical sections of members of the Fusca group by Ascensão et al. (2005) implicated papillate epidermal cells with large nuclei and abundant starch-rich plastids (amyloplasts), plus two or three subsecretory parenchyma layers, located along the entire (yellow coloured) margin of the labellum and concentrated above the apical groove. We have noted that pollinators of labella with large appendices, located in a position homologous with the apical groove of the Fusca group, often appear to fixate on the appendix when indulging in pseudocopulation. We would also be interested to discover whether the papillate cells observed by us recessed in grooves below the stigmas of the Speculum group are, as we suspect, osmophores.
It is possible that the precise mode of cuticle deposition provides at least part of the explanation for all three categories of behavioural cue promoting sexual mimicry: olfactory, visual and tactile. The diverse Ophrys pseudopheromones are all either saturated n-alkanes or related but unsaturated n-alkenes. Schiestl & Cozzolino (2008) noted that these compounds are common components of cuticular waxes, which could be viewed as pre-adaptations for the emission of pseudopheromones. Cuticular waxes are also implicated in interpreting both reflectivity and iridescence, and presumably provide structural support for the elongate trichomes that adorn all Ophrys labella, and reputedly mimic the trichomes of the female individuals of the pollinating insect species.
In a continued attempt to understand the functional morphology of the Ophrys labellum, we are currently extending our initial quantification of colour by means of in situ reflectometry and polarization studies, utilizing fresh material, and labellum cell ultrastructure through LM and TEM study of stained anatomical sections; both surveys are encompassing all major species groups within Ophrys. We also propose to explore structural colour in general, and iridescence in particular, in the UV range that is acutely perceived by bees and their relatives. We are confident that adding the resulting data to the present macromorphological and SEMbased micromorphological observations will provide a more definitive explanation of the functional morphology of the Ophrys labellum in general and of the reliably reflective and occasionally iridescent speculum in particular. Further developmental-genetic data should elucidate the mechanisms that permitted the evolution of the remarkably complex labellar epidermis, which remains implicated as a key driver of diversification within the genus. More general lessons could be learned regarding the evolution, adaptive significance and genetic control of complex floral traits.
